ABSTRACT: Hadronization at finite temperature T is discussed in the framework of the Nambu-Jona-Lasinio model. The differential cross-section for the conversion of a quarkantiquark pair into two pions to first order in a 1/N c expansion is calculated as a function of the c.m. energy s and temperature T . In particular, approaching the temperature T c of the chiral phase transition, the hadronization cross-section diverges like ln |1 − T T c |.
Our current understanding of the hadronic world via quantum chromodynamics (QCD) appears to be characterized by (a) confinement, in that no free quarks and gluons are observed, and (b) broken chiral symmetry, manifesting itself in a non-vanishing value of the quark condensate <ψψ > and in a small pion mass. In particular, chiral symmetry is essential in determining the static properties of the light hadrons. In ultra-relativistic heavy ion collisions, nuclear matter is heated up to a degree where one might penetrate into the region of both a chirally symmetric and a deconfined phase of matter, at a transition temperature in the region T c ∼ 100 − 200 MeV [1, 2] . In the cooling process the deconfined partons will recombine into the observed hadrons, which are mainly pions. It is thus important to understand how hadronization rates for processes such as the conversion of a quark-antiquark pair into two pions,→ 2π, behave as a function of the c.m. energy √ s and the temperature T , and especially what the influence is of a phase transition on these rates.
In this paper, we study the hadronization rates for→ 2π in a model system that displays chiral symmetry, the flavor SU (2) Nambu-Jona-Lasinio (NJL) model [3, 4] . We are aware of the deficiencies of the model-the lack of confinement and non-renormalizability of the effective 4-fermion interaction, but also of its strengths-the transparent description of the chiral phase transition at critical temperature T c , with the attendant binding of quarks into mesons. For temperatures T ≥ T c , no hadrons exist in the model, and one has a system of interacting quarks with mass m = 0 in the chiral limit. For T ≤ T c , in the domain of broken symmetry, a quark-meson plasma is formed with m = 0, pion mass m π = 0 and sigma mass m σ = 2m. While the situation for T > T c is fairly realistic (except for the absence of gluons), the coexistence of quarks and mesons below T c is an artifact of the NJL-model. Yet with due caution, one may still extract meaningful, physical information from the NJL model about hadronization in the vicinity of the phase transition itself.
The NJL Lagrange density determining the chiral dynamics of quarks and mesons in
where G is a coupling constant of dimension [Mass] −2 , and m 0 is the current quark mass. In this paper, we work for the most part in the chiral limit m 0 = 0, where the system displays a phase transition at a critical temperature T c . For simplicity we restrict ourselves to µ = 0, i.e. zero baryon density, which corresponds to the central rapidity region of heavy ion collisions. A three dimensional regulator Λ will be imposed on all divergent quantities.
Since the NJL model is a strong-coupling theory, perturbation theory is inapplicable, and we require a selection procedure for the relevant Feynman graphs. We choose the 1/N c expansion [5] [6] [7] , and work to lowest order. To O(1/N c ), the relevant T-matrix amplitudes for the reaction→ 2π are sketched in Fig.1 . Figure 1 Using an obvious notation for the T-matrix amplitudes, one has
where the symbol δ c 1 ,c 2 refers to the color degree of freedom and A σππ represents the amplitude of the triangle vertex σ → ππ. In terms of the intermediate σ-meson fourmomentum k and the four-momentum p 3 for one external pion, A σππ is obtained by analytic continuation of
Here ω n = (2n+1)π/β, n = 0, ±1, ±2, ... and µ m = 2mπ/β, ν l = 2lπ/β, m, l = 0, ±1, ±2, ...
are fermionic and bosonic Matsubara frequencies respectively. The quark propagator is
is the dynamically generated quark mass, to be calculated using the usual gap equation in the Hartree approximation [4] . In Eq.(3), T r refers to the trace over color, flavor and spinor indices. Finally, Π σ (k; T ) in Eq. (2) is the standard mesonic polarization function for the σ-meson [4] , and g π is the pion-quark coupling strength, determined in the model via [4] g −2
The indices 1 and 2 of the quark and antiquark spinors u andv in Eq. (2) refer to both momenta and helicity.
After evaluation of the Matsubara sum in Eq. (3), it is useful, in the analytic continuation to real variables, to move to the center of mass frame of the incidentpair.
While the differential cross-section of any two-body reaction dσ(s, t)/dt is invariant under a Lorentz-boost, this is no longer so in a heat bath. Here the cross section not only depends on the temperature T , but also on the c.m. velocity of the initial pair with respect to the heat bath. By assuming thesystem to be at rest in the heat bath, we avoid this complication, but also restrict ourselves to only part of the solution. Then one has
where the Fermi function f (x) = (1 + e βx ) −1 . One sees that the amplitude A σππ and the T-matrix element T (s) are simply functions of the center of mass energy
Note that the amplitude A in Eq. (5) is proportional to the dynamically generated quark mass m, a fact that is general to any 3-meson vertex process. Therefore the s-channel diagrams become unimportant at the chiral phase transition in the chiral limit. Since m = 0 for T ≥ T c , one has A σππ = 0, while for T < T c , m π = 0.
For the real and imaginary parts of A σππ , semi-analytic expressions can be found.
Explicitly, one has
and
. (7) Next we turn to the transition amplitude T (t) in the t-channel shown in Fig.1(b) , which reads
in which the m and t = (p 1 − p 3 ) 2 dependence is made explicit. This amplitude T
(t)
forms the dominant contribution for T → T c , since, unlike in the s-channel, it is not directly proportional to the dynamically generated quark mass. When approaching the phase transition and m → 0, one sees that the range of the "force" due to the exchange of a constituent quark tends to infinity, and we thus expect that the cross-section becomes infinite at this point.
As an example, we consider in detail the hadronization process uū → 2π 0 . The schannel crossed graph equals the direct term, while the t-channel crossed graph gives rise to a distinct exchange term. The differential cross-section can be written as
Here the prime on the summation indicates the average over spin and color degrees of freedom of the quarks in the initial states. The prefactor multiplying the differential crosssection is due to the initial flux. The direct contribution to the T-matrix, T (t,dir) , is as given in (9) while the exchange contribution T (t,exc) can be derived from the u-channel to be
The individual contributions to the cross-section are listed in Table 1 .
The integrated cross-section multiplied by a factor which takes into account the BoseEinstein statistics in form of the distribution function f B (x) = (e βx − 1) −1 for the final state pions is
The limits t max and t min of the integral in Eq.(11) are given as
Before we discuss our numerical results in Figs.2 
and no crossed diagrams occur. The isospin trace factor leads however to additional factors of 2 or √ 2 in the t-channel of the T-matrix element. One obtains the scattering crosssection for the charged final states on replacing the primed sum in Eq.(9) by c,s
for uū → π + π − and c,s
for uū → π + π 0 . We define the total hadronization cross-section of a single quark as
This is a measure of how quickly a u-quark hadronizes from a charge symmetric plasma.
The corresponding cross-section for elastic scattering [9] is defined as Case (i) can be understood to be of kinematical and dynamical origin. One finds for
so that (for
where C (t) and C Case (ii) mentioned above, the singularity for T → T c , has its origin in the chiral dynamics of the model and arises from the diagram in Fig. 1 b. The leading order behavior from the t-channel exchange is given by We have also considered the case of a non-vanishing current quark mass m 0 (m 0 = 5 MeV). Then the phase transition is washed out, and so are the singularities in the crosssections at the transition temperature. The behavior at the threshold in s (shown in Fig.2) remains, while the logarithmic singularity seen in Fig.3 at T = T c vanishes completely.
Although our results are derived in a particular model, we expect them to be of more Table 1 Products of the T-matrix amplitudes (in the chiral limit), which contribute to the hadronization cross sections, averaged over initial and summed over final spin and color degrees of freedom.
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